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The relativistic particle-vibration coupling (RPVC) model is extended by the inclusion of isospin-
flip excitation modes into the phonon space, introducing a new mechanism of dynamical interaction
between nucleons with different isospin in the nuclear medium. Protons and neutrons exchange
by collective modes which are formed by isovector pi and ρ-mesons, in turn, softened considerably
because of coupling to nucleons of the medium. These modes are investigated within the proton-
neutron relativistic random phase approximation (pn-RRPA) and relativistic proton-neutron time
blocking approximation (pn-RTBA). The appearance of isospin-flip states with sizable transition
probabilities at low energies points out that they are likely to couple to the single-particle degrees of
freedom and, in addition to isoscalar low-lying phonons, to modify their spectroscopic characteristics.
Such a coupling is quantified for the shell structure of 100,132Sn and found significant for the location
of the dominant single-particle states.
PACS numbers: 21.10.-k, 21.60.-n, 24.10.Cn, 21.30.Fe, 21.60.Jz, 24.30.Gz
I. INTRODUCTION
A consistent treatment of pion degrees of freedom is
still one of the challenges for nuclear structure theory, de-
spite the fact that the meson-exchange nucleon-nucleon
interaction is known since the work of Yukawa [1]. Being
a mediator of the medium-range nucleon-nucleon interac-
tion, the pion played the central role in approaches devel-
oped by the so-called ’Moscow school’ [2–11] and ’Stony
Brook school’ [12–19]. Characteristics of the pion bound
in nuclear medium were extensively discussed, in partic-
ular, in the context of possible formation of pion conden-
sate in finite nuclei and various phases of nuclear matter
[11, 18, 19]. Later on, chiral effective field theory (EFT)
based on the approximate spontaneously broken chiral
symmetry of QCD emerged from the pioneering work of
Weinberg [20]. Since then, ab initio methods based on
chiral EFT demonstrate an increasing success in the de-
scription of nuclear structure properties although their
applicability is still limited to light nuclei only [21, 22].
Many-body methods for sufficiently heavy nuclear sys-
tems (A>16) include various nucleon-nucleon correla-
tions on top of a mean field, which serves as a rede-
fined vacuum constructed as an approximate realiza-
tion of Kohn-Shahm density functional theory. The
original (non-relativistic) nuclear field theory (NFT) is
based on the idea of Bohr and Mottelson [23] about cou-
pling between single-particle and vibrational degrees of
freedom in atomic nuclei, often referred to as particle-
vibration coupling (PVC). This idea has been devel-
oped over the years [24–27] and implemented very suc-
cessfully in approaches known as a non-relativistic NFT
[28–38], extensions of the Landau-Migdal theory [39–
42] or quasiparticle-phonon model [43–45]. Lately, self-
consistent versions of the PVC model have become avail-
able in both non-relativistic [46, 47] and relativistic [48–
57] formulations. In the majority of the non-relativistic
self-consistent calculations the PVC effects are studied
in doubly-magic nuclei, where superfluidity effects do
not appear, which simplifies calculations considerably.
Studies of these effects in open-shell nuclei have be-
come possible relatively recently in a non-relativistic ap-
proach for single-quasiparticle states [35, 36] and and
in a self-consistent relativistic approach for both single-
quasiparticle spectra [50] and response [52].
The covariant (relativistic) version of the nuclear field
theory [48–58] is based on the quantum hadrodynamics
(QHD) Lagrangian, which, in contrast to chiral EFT,
includes heavy mesons explicitly, although their masses
and coupling constants are adjusted to bulk proper-
ties of medium-mass nuclei (see review [59] and ref-
erences therein). Numerous calculations within these
models have shown that the effects of quasiparticle-
vibration coupling (QVC) modify nuclear shell structure
and spectra of excitations considerably and bring the
results in essentially better agreement to experimental
data, in some cases approaching spectroscopic accuracy
[50, 52, 54, 60, 61]. In particular, it turned out that
the effects of QVC in open-shell nuclei are quantitatively
stronger than those in closed-shell ones, which can be at-
tributed to the existence of phonons with very low ener-
gies (∼1 MeV or even lower) in medium-mass open-shell
nuclei, compared to ∼4 MeV in medium-mass doubly-
magic systems. Obviously, superfluidity plays a very im-
portant role providing better conditions for the QVC,
which can be seen from the structure of the QVC self-
energy [50]. The pion field does not contribute on the
mean-field level, if the parity conservation is imposed,
however, its dynamical contribution is decisive for the
description of spin-isospin transitions [56, 57, 62, 63].
Recently, it has been realized that the spin-isospin in-
teraction, especially the tensor interaction, is of partic-
ular and direct importance for single-particle properties
of exotic nuclei [64, 65]. This type of interaction is com-
2monly associated with one-pion exchange, although other
mesons can also give contributions of the tensor type,
which has been obtained in the relativistic Hartree-Fock
[66] and relativistic RPA (RRPA) calculations for spin-
isospin-flip transitions [67]. However, the latter calcu-
lations are confined by the static approximation for the
pion field, neglecting retardation effects, and include only
the first-order contribution to the pion-exchange interac-
tion. Nevertheless, RPA in the spin-isospin channel gives
a sizable softening of the pion modes, where the softness
is caused by medium polarization effects, as it has been
recognized already in earlier calculations [11]. The ap-
pearance of such modes at low energies was interpreted
as a signature for the onset of the pion condensation, al-
though it was not clear which observables are sensitive
enough to the presence of pion condensate and which
of those can be detected experimentally with reasonable
precision.
The main goal of the present work is to reveal dy-
namical contributions of the pion-exchange interaction
to nuclear structure properties. The most important dy-
namical contributions are identified as terms in the nucle-
onic self-energy, which represent exchange by collective
modes. Technically, besides the isoscalar modes, which
are exchanged between nucleons of the same isospin
and commonly considered in NFT, the isovector modes
exchanged between nucleons with different isospin are
added. First of all, the approach of Refs. [56, 62], namely
the proton-neutron relativistic random phase approxi-
mation (pn-RRPA) and proton-neutron relativistic time
blocking approximation (pn-RTBA) is applied to calcula-
tions of the isospin-flip and spin-isospin-flip excitations.
The obtained spectra are evaluated to identify the low-
lying isovector modes of excitation, which give the most
important contribution to the nucleonic self-energy, ac-
cording to their degree of collectivity. Then, the selected
most collective modes are coupled to the single-particle
degrees of freedom by means of introducing correspond-
ing terms into the single-nucleon self-energy. Thus, on
one hand, the relativistic NFT is extended by isospin vi-
brations and, on the other hand, dynamical effects of the
pion exchange are introduced into the theory beyond the
Hartree-Fock approximation. The effects of these new
terms on the single-particle characteristics, such as their
energies and spectroscopic factors, are discussed. In the
context of the discussion of pion condensate, it is shown
that nuclear single-particle characteristics can represent
observables which are sensitive to the presence of soft
pion modes.
II. THEORETICAL FRAMEWORK
A. Nucleonic self-energy and Dyson’s equation
The motion of protons and neutrons in nuclei is quan-
tified by one-nucleon self-energy, or mass operator. In
contrast to free nucleons, protons and neutrons in the
nuclear medium are exposed to strong polarization ef-
fects and, hence, their motion is modified considerably.
In the simplest mean field (Hartree or Hartree-Fock) ap-
proximation, this effect can be described by introducing
an energy-independent effective mass m∗ instead of the
bare nucleon mass, which helps to reproduce bulk nu-
clear properties reasonably well, but gives a very poor de-
scription of the single-particle spectra. The latter prob-
lem can only be solved by going beyond the mean-field
approximation and by introducing an energy-dependent
effective mass. The most important origin of the en-
ergy dependence is given by the coupling of the single
particle motion to low-lying collective vibrations [24–27],
see also the discussion in Ref. [48], where a relativis-
tic particle-vibration coupling (RPVC) model was orig-
inally proposed. In both the RPVC model and rela-
tivistic quasiparticle-vibration coupling (RQVC) model
for systems with pairing correlations [50], the energy-
independent part of the nucleonic self-energy is given
by the relativistic mean field (relativistic Hartree (RH)
or Hartree-Bogoliubov (RHB)) approximation. The
RH/RHB eigenstates {k, η} are used as a basis for cal-
culating the dynamical part of the self-energy, matrix
elements of which in this basis read:
Σ
(e)η1η2
k1k2
(ε) =
∑
ηµ=±1
∑
η=±1
∑
k,µ
δηηµγ
ηµ;η1η
µ;k1k
γ
ηµ;η2η∗
µ;k2k
ε− ηEk − ηµ(Ωµ − iδ)
, (1)
δ → +0,
where the indices k, k1, k2 represent the complete set of
the single-particle quantum numbers, and the indices
η, η1, η2 indicate the upper and lower components of the
matrix elements in the Nambu space. In the limit of no
superfluidity η1 = 1, if the state k1 is above the Fermi
energy, and η1 = −1, if the state k1 is below the Fermi en-
ergy. The index µ in Eq. (1) runs over the set of phonons
taken into account. Their vertices γµ and frequencies Ωµ
can be calculated in the self-consistent relativistic quasi-
particle random phase approximation, as described in
Ref. [52], and Ek are the energies of the Bogoliubov’s
quasiparticles obtained in the RHB approach, so that
the product ηEk takes the correct limit of the mean-field
energy in the case of no superfluidity. The index ηµ labels
forward and backward going diagrams in the self-energy
(1), see Eq. (7) below. Using the same representation,
the Dyson’s equation for the single-quasiparticle Green’s
function can be formulated as follows:∑
η=±1;k
(
(ε− η1Ek1)δη1ηδk1k − Σ
(e)η1η
k1k
(ε)
)
G
ηη2
kk2
(ε) =
δη1η2δk1k2 . (2)
By solving this equation, as described in detail in Ref.
[48], one can obtain the energies of the fragmented states
E
(ν)
k and the corresponding spectroscopic factors S
(ν)
k ,
which characterize the probability of occupying the levels
E
(ν)
k by quasiparticles.
In the following we will focus on the isospin struc-
ture of the self-energy of Eq. (1). It represents the
3lowest-order phonon polarization correction to the single-
particle propagator and contains already an infinite sum
of the diagrams dressing the fermionic line. If the sum-
mation is performed for the ring type of diagrams, the
vertices γµ and frequencies Ωµ are approximated by an
R(Q)RPA phonon solution. Formally, the sum in Eq.
(1) runs over all possible intermediate nucleonic states
k. The common practice is to include only the states
k of the same isospin as the one of the external states
k1, k2. In the relativistic framework, this practice leads to
a very good description of the single-quasiparticle spectra
in open-shell nuclei, compared to data, and to a consider-
able improvement of the results in the closed shell nuclei,
although in the latter case the description of the ener-
gies have not yet reached spectroscopic accuracy. In this
context, the inclusion of components in the self-energy
connecting states of different isospin can serve as the
first step of the search for possible missing mechanisms
of PVC.
The next subsections are devoted to the proton-
neutron phonons in nuclei and to establishing their char-
acteristics.
B. Isospin-flip modes in 100,132Sn
Isospin-flip modes of excitation in nuclei are the most
sensitive probes to reveal the properties of the isospin
part of nucleon-nucleon interaction. Besides that, pre-
cise knowledge about various strength distributions in-
volving isospin transfer, especially in exotic nuclei, is of
great importance for astrophysics as well as for numerous
applications.
Another aspect of isospin dynamics is its direct connec-
tion to pionic degrees of freedom, that can be revealed in
calculations which include pion-nucleon interaction ex-
plicitly. Already in earlier works (see Ref. [11] and refer-
ences therein) it has been realized that the explicit sepa-
ration of pion-exchange processes lead to a considerable
improvement of the description of isospin transfer modes,
beta-decay half-lives and magnetic momenta.
Lately, self-consistent calculations in the relativis-
tic framework have become possible on the (Q)RPA
[62, 63, 67] and beyond QRPA [56, 57] levels, using
the free-space pseudovector coupling strength for pion-
nucleon interaction. In particular, a very reasonable de-
scription of the position of the Gamow-Teller resonance
(GTR) and beta-decay half-lives in medium-mass nuclei
has been achieved already on the QRPA level without
a non-relativistic reduction of the pion-exchange interac-
tion [62, 63]. Besides that, it has been shown that the
explicit inclusion of the meson exchange (Fock) term in
both the mean-field and effective interaction gives a rel-
atively good description of the GTR’s centroid on the
level of self-consistent RPA [67]. Calculations beyond
R(Q)RPA demonstrate an important role of the phonon
coupling for spreading of the GTR [57] and spin-dipole
resonance (SDR) [56]. Analogously to the situation for
giant resonances in the neutral channel, the inclusion of
the phonon coupling mechanism shows a considerable im-
provement of the description for both GTR and SDR.
SDR occurs as a nuclear response to the spin-isospin
flip operator with an additional one unit angular momen-
tum transfer, i.e. to the operator:
PλL± =
A∑
i=1
rL(i)[σ(i)⊗ YL(i)]
λτ±(i) (3)
with L = 1, λ = 0, 1, 2 and parity π = −1. Components
of different values of λ can be disentangled in charge-
exchange reaction experiments on stable nuclei and show
a hierarchy of the λ = 0, 1, 2 centroids from higher to
lower energy: E(2−) < E(1−) < E(0−) [69]. Although
in the calculations based on the relativistic Hartree ap-
proach (without Fock term in the mean field) this hierar-
chy is not always reproduced giving a higher value for the
E(1−), the overall SDR distribution agrees with the data
very reasonably because of the dominance of the 2− com-
ponent [56]. Recently, the latter model has been applied
to calculations of the SDR in neutron-rich nuclei, such as
132Sn and 78Ni [58]. It has been found that in these nuclei
in the 2− component of the SDR a low-energy structure
is developed, resembling the well-known low-lying collec-
tive quadrupole excitation in the isoscalar channel. Here
we consider the case of 132Sn in more detail and in com-
parison to a neutron-deficient 100Sn. Figure 1 displays
both the S− and S+ branches of the SDR in the latter
nuclei. The 0−, 1−, 2− components calculated within the
pn-RTBA approach of Ref. [56] are represented by the
violet, orange and green curves, respectively. The black
solid curve shows the sum of all three components and the
dashed curve shows the total SDR strength calculated in
pn-RRPA, where the particle-vibration coupling mech-
anism is absent. Thus, the difference between the solid
and dashed black curves shows the effect of the SDR frag-
mentation due to the PVC. Another general observation
is that in 100Sn both branches are well developed and,
although not exactly symmetric because of the presence
of the Coulomb interaction, exhibit similar strength dis-
tributions, while for 132Sn very little strength is found in
the S+ branch, as compared to S− because of the large
isospin asymmetry in this nucleus.
Although the PVC effect is quite noticeable for the
overall picture, we are interested here in the properties
of the low-lying isospin-flip modes. One can see that in
both 100Sn and 132Sn strong 2− states form on the low-
energy shoulders of the S− strength distributions. They
can bee seen already in the pn-RRPA approach and they
are not affected very much by the PVC. In 100Sn such a
state can be seen at about 25 MeV in the S− and also
around 0 MeV in the S+ branch. In
132Sn such a state
in S− is located at -1.7 MeV and it is visibly separated
from the giant resonance. Notice that all the energies are
given with respect to the ground state of the 100,132Sn
nuclei and, of course, become positive with respect to
the daughter nuclei after the corresponding shifts. Here
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FIG. 1: Spin dipole resonance in 100Sn (upper panels) and
132Sn (lower panels). The energy scales are relative to Sn
nuclei (see text for details).
and in the following we keep the energy scale relative to
the ground states of the tin nuclei, in particular, in the
self-energies considered below in Eqs. (4), (5).
Thus, there appears another aspect of the isospin
transfer modes which has been barely discussed in the
literature. As low-energy collective excitations can ap-
pear in the isovector channel, similarly to the ones in
the isoscalar channel, they are likely to couple to single-
particle motion. Thus, such modes should be included in
the nucleonic self-energy and their contributions should
be investigated numerically [35]. The next sections are
devoted to the implementation of this task.
C. Nucleonic self-energy with pion exchange
As in Refs. [48, 50] and many other applications, here
we use the diagonal approximation for the Eqs. (1),
(2). In a spherical non-superfluid system, the proper
neutron and proton self-energies Σ
(e)
n (ε) and Σ
(e)
p (ε) in-
cluding contributions from both isoscalar and isovector
phonons have the following form:
Σ(e)n (ε) =
1
2jn + 1
∑
(µn′)
|γηn′;ηnηn′(µ;nn′) |
2
ε− εn′ − ηn′(Ωµ − iδ)
+
1
2jn + 1
∑
(λp′)
|ζ
ηp′;ηnηp′
(λ;np′) |
2
ε− εp′ − ηp′(ωλ − iδ)
, (4)
Σ(e)p (ε) =
1
2jp + 1
∑
(µp′)
|γ
ηp′;ηpηp′
(µ;pp′) |
2
ε− εp′ − ηp′(Ωµ − iδ)
+
1
2jp + 1
∑
(λn′)
|ζ
ηn′;ηpηn′
(λ;pn′) |
2
ε− εn′ − ηn′(ωλ − iδ)
, (5)
where
γ
ηµ;ηnηn′
(µ;nn′) = γ
ηnηn′
(µ;nn′)δηµ,+1 + γ
ηn′ηn
(µ;n′n)δηµ,−1
ζ
ηλ;ηnηp′
(λ;np′) = ζ
ηnηp′
(λ;np′)δηλ,+1 + ζ
ηp′ηn
(λ;p′n)δηλ,−1, (6)
and
γ
ηnηn′
(µ;nn′) = 〈n ‖ γ
ηnηn′
(µ) ‖ n
′〉
ζ
ηnηp′
(λ;np′) = 〈n ‖ ζ
ηnηp′
(λ) ‖ p
′〉, (7)
where the round brackets indicate the full sets of quan-
tum numbers with excluded magnetic ones (reduced ma-
trix elements), and the analogous convention for the ma-
trix elements with interchanged proton and neutron in-
dices applies. In Eqs. (4), (5) we distinguish between the
isoscalar phonons with the vertices γµ and frequencies Ωµ
and isovector (proton-neutron (pn) and neutron-proton
(np)) ones with the vertices ζλ and frequencies ωλ. These
quantities are to be extracted from the response function
of various multipolarities Jµ, Jλ and parities. For the
isoscalar phonons this procedure is described in detail in
Refs. [48, 52] and consists of the RRPA calculations for
the particle-hole (ph) and hole-particle (hp) components
of the vertices γµ and subsequent determination of the
particle-particle (pp) and hole-hole (hh) components en-
tering the first sum of the Eqs. (4), (5). The characteris-
tics of the isovector phonons are calculated analogously.
First, the proton-neutron RRPA (pn-RRPA) equations
are solved for the ph-components of the transition densi-
ties R:
Rphλ;pn =
1
ωλ − εp + εn
∑
p′n′
V˜
ph,hp
(−)pn′,np′R
ph
λ;p′n′
Rphλ;np =
1
ωλ − εn + εp
∑
p′n′
V˜
ph,hp
(+)np′,pn′R
ph
λ;n′p′ , (8)
where the upper indices indicate the location of the pro-
ton and neutron states with respect to the Fermi en-
ergy (FE): ’p’ (particle) is above the FE (η = 1) and ’h’
(hole) is below the FE (η = -1). The quantities εp,n are
the mean-field energies for protons and neutrons, respec-
tively, and the interaction in the isovector channel V˜(±)
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FIG. 2: Isospin structure of the proper self-energy in the second-order of PVC.
is represented by the exchange of positively/negatively
charged π and ρ mesons, respectively:
V˜ (1, 2) = g2ρ~τ1~τ2(βγ
µ)1(βγµ)2Dρ(r1, r2)−
−
( fpi
mpi
)2
~τ1~τ2(Σ1∇1)(Σ2∇2)Dpi(r1, r2) +
+g′
( fpi
mpi
)2
~τ1~τ2Σ1Σ2δ(r1 − r2). (9)
After the solution of the Eq. (8), the isovector phonon
vertices are obtained as follows:
ζ
ηpηn
λ;pn =
∑
p′,n′
V˜
ηph,ηnp
(−)pn′,np′R
ph
λ;p′n′
ζ
ηnηp
λ;np =
∑
p′,n′
V˜
ηnh,ηpp
(+)np′,pn′R
ph
λ;n′p′ , (10)
and then their reduced matrix elements and frequencies
obtained from Eq. (8) are used in the self-energies (4),
(5). Their diagrammatic representation is given in the
Fig. 2. For both proton and neutron self-energies, the
first two terms on the right-hand side represent the con-
tributions from isoscalar vibrations (incoming, outgoing
and intermediate single-particle states are of the same
isospin). The last two terms are the contributions from
isospin-flip vibrations (the intermediate states have dif-
ferent isospin).
III. SINGLE-PARTICLE STATES IN 100,132SN:
DETAILS OF CALCULATIONS, RESULTS AND
DISCUSSION
The calculations are performed for 100,132Sn and the
procedure is divided into the three steps. (i) RRPA
[70] and pn-RRPA (8) calculations with the parame-
ter set NL3* [71], with the interaction of Eq. (9)
and g′ = 0.6 are done for determining the frequencies
and the reduced transition probabilities of the phonon
modes. The modes below 15 MeV for 132Sn and be-
low 20 MeV for 100Sn (with respect to the daughter nu-
clei in the isospin-flip case) with Jpiµ = 2
+, 3−, 4+, 5−, 6+
in the isoscalar channel (only natural parities are in-
cluded in the phonon space because spin-flip phonons
are known to contribute very little [34, 35]) and with
Jpiλ = 0
±, 1±, 2±, 3±, 4±, 5±, 6± in the isovector channel
are included in the model space. After that the phonons
are selected according to the usual truncation scheme,
keeping the modes with the transition probabilities larger
than 5% of the one with the maximal probability. The
transition probabilities of the spin-isospin-flip phonons
(unnatural parity) are evaluated for the operators of Eq.
(3) with L = λ − 1 for λ > 0 and with L = λ + 1 for
λ = 0. For the modes with natural parity the usual
multipole operators are assumed. (ii) The complemen-
tary vertex matrix elements were calculated according
to Eq. (10) for the selected isospin-flip phonons, and
by a similar procedure [48] for the isoscalar ones. (iii)
The obtained frequencies and vertices are included in the
neutron and proton self-energies (4), (5) and the Dyson
equation (2) is solved in the diagonal approximation. It is
transformed to a diagonalization problem, by the method
described in Ref. [25]. The first illustrative calculations
presented below neglect the terms in the self-energies
(4), (5) with ηp′ 6= ηn, ηn′ 6= ηp, which correspond to
the backward-going diagrams and contain effects of the
ground states correlations (GSC). These GSC associated
with the isovector phonons are represented by the last
terms in the diagrammatic form of the self-energies Σ
(e)
pp′
and Σ
(e)
nn′ in Fig. 2. The GSC-terms associated with the
isoscalar phonons and given by the second graphs on the
r.h.s. of Fig. 2 are included in the calculations.
The results of the calculations for the single-particle
states in 100,132Sn are displayed in Fig. 3. The left
columns (NL3*) in each panel correspond to the mean-
field case, the second left columns (NL3*+PVC) show
the RPVC calculations including only isoscalar phonons,
the second right columns (NL3*+PVC+π-dyn) contain
the results obtained with the additional contribution of
the isovector phonons, and ’experimental’ single-particle
energies extrapolated from data [72, 73] are presented in
the right columns (Exp). Notice that the two middle
columns show only the dominant single-particle states,
i.e. those with the maximal spectroscopic amplitudes.
The influence of the isoscalar phonons on the single-
particle spectra was investigated systematically within
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FIG. 3: Single-particle states in 100,132Sn calculated in the
RMF and in extended approaches (see text for details).
the RPVC model in Ref. [49] and a significant over-
all improvement of the description of the dominant
single-particle states was demonstrated. The columns
(NL3*+PVC) correspond to this approach and are to be
compared to the next columns (NL3*+PVC+π-dyn) in
order to reveal the dynamical contribution of pions to
the positions of the dominant single-particle states. The
contributions of the isospin-flip phonons are associated
with mainly pionic processes, because the analysis of the
matrix elements of the interaction (V˜ρ + V˜pi + V˜δpi) in
Ref. [74] shows that the contribution from the ρ-meson
exchange is relatively small.
Thus, as can be seen from Fig. 3, the contribution
of the pion dynamics provides additional shifts of the
dominant single-particle states, which ranges from a few
hundred keV to 1 MeV. The spectroscopic factors for
the majority of the considered states change only little
compared to those of Ref. [49]. However, for the states
far from the Fermi surface like, for instance, the proton
state 1f7/2 in
132Sn, the effect can look really dramatic,
because of a redistribution of the strength and a change
of the dominant fragment.
It follows from Eqs. (4,5) that the effect of various con-
tributions to the nucleonic self-energies is determined by
the matrix elements γ
ηnηn′
(µ;nn′), γ
ηpηp′
(µ;pp′) and ζ
ηnηp′
(λ;np′), ζ
ηpηn′
(λ;pn′)
given by Eq. (7), and by the energy denominators in
Eqs. (4,5), which include combinations of single-particle
mean-field energies εp′ , εn′ and phonon frequencies: Ωµ
for the isoscalar phonons and ωλ for the isovector ones.
Although the self-energies of Eqs. (4,5) do not directly
provide the splittings and shifts of the single-particle
states and the Dyson equation (2) has to be solved for
this, in the second-order perturbation theory the matrix
elements of Σ
(e)
k can be estimated by setting ε = εk in
Eqs. (4,5), where the index k stands for both neutron
and proton single-particle states. Then it is clear, that
the largest contributions are given by the terms with the
largest phonon vertices and the lowest phonon frequen-
cies, that determines the above mentioned truncation.
The typical values of the γµ are between 0.1 MeV and 1
MeV, in rare cases achieving few MeV. For the vertices ζλ
the pn-RRPA gives somewhat smaller (factor 2-3) values
in average, while in both isoscalar and isovector cases the
largest matrix elements are obtained for the lowest mul-
tipoles. The existence of the isoscalar collective phonons
with frequencies below 10 MeV is the most obvious rea-
son for the strong impact of PVC on the single-particle
spectra (see numerous papers cited in the introduction).
In Fig. 3 this effect on the dominant states can be seen by
comparison of the first left and the second left columns
of each panel. The typical frequencies of isovector spin-
flip phonons of the lowest multipoles are seen in Fig.
1 which shows that they can be quite low (in particu-
lar, 2− states shown by green curves). The second-order
self-energy denominators corresponding to isoscalar and
isovector phonons have values of the same order of mag-
nitude. In the latter case the phonon frequencies ωλ add
up to proton-neutron single-particle energy differences
∆pn′ = εp − εn′ , ∆np′ = εn − εp′ , producing the energy
denominators Dpn′λ = ∆pn′ ∓ ωλ, Dnp′λ = ∆np′ ∓ ωλ.
Among many terms with large denominators of several
tens MeV, there are usually a few of them with the ener-
gies below 10 MeV, which give the leading contributions
for both IS and IV phonons.
Figures 4, 5, 6 illustrate a quantitative assessment of
the contributions of isovector phonons with various mul-
tipolarities and frequencies to the single-particle char-
acteristics. Those figures show single-particle strength
distributions for the two neutron states of 132Sn: 2p1/2
(Figs. 4, 5) and 3s1/2 (Fig. 6). The latter represents a
so-called ”good single-particle state” because of its close-
ness to the Fermi edge, and the former is an example of
a ”deep hole state”, which is far from it.
Fig. 4 shows how the strength distribution of the 2p1/2
state evolves with the energy cut-off of the phonon space,
when: only isoscalar (IS) phonons are included in the
model space (a); isovector (IV) phonons below 10 MeV
(b), 15 MeV (c) and 20 MeV (d) with Jλ = 1 − 6 are
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FIG. 4: Strength distributions of the neutron 2p1/2 deep hole
state in 132Sn calculated with truncations with respect to the
frequencies of the isovector phonons, compared to the RMF
strength (dashed blue).
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FIG. 5: Strength distributions of the neutron 2p1/2 deep hole
state in 132Sn calculated with truncations with respect to
the multipolarities of the isovector phonons, compared to the
RMF strength (dashed blue).
included in addition to the IS ones, in comparison to
the initial mean-field state (dashed blue). One can see
that the 2p1/2 state is already fragmented considerably
by coupling to IS phonons, and two major fragments can
be distinguished at -15.0 MeV and at -21.0 MeV. The
inclusion of the lowest IV phonons below 10 MeV affects
the distribution very little, but with adding IV phonons
of frequencies between 10 and 15 MeV one can see fur-
ther fragmentation and disappearance of the second ma-
jor fragment at -21.0 MeV, while the first fragment at
-15.0 MeV remains almost unchanged and finally repre-
sents the dominant 2p1/2 state. This strength distribu-
tion saturates at 15 MeV truncation: the distributions
4(c) and 4(d) are almost identical.
Fig. 5 displays the strength distributions of the same
2p1/2 neutron state for the cases when only IS phonons
are included in the model space (a) and when IV phonons
-16 -14 -12 -10 -8
0,0
0,1
0,2
0,8
1,0
          no PVC           
 IS only
 IV below 10 MeV
 IV below 15 MeV
 IV below 20 MeV
3s1/2
(b)
 
 
S
pe
ct
ro
sc
op
ic
 fa
ct
or
E [MeV]
(a)
-16 -14 -12 -10 -8
132Sn 132Sn
3s1/2
 
  
E [MeV]
          no PVC       
 IS only
 IV J=0,1
 IV J=0,1,2,3
 IV J=0-6 
FIG. 6: Strength distributions of the neutron 3s1/2 hole state
in 132Sn calculated with various truncations, compared to the
RMF strength (dashed blue). Panel (a): truncation by energy
(multipoles Jλ = 0-6 included); panel (b): truncation by Jλ
(energies up to 15 MeV included).
with Jpiλ = 0
±, 1± (b), Jpiλ = 0
±, 1±, 2±, 3± (c) and
Jpiλ = 0
± − 6± (d) are included up to 15 MeV, com-
pared to the initial mean-field state (dashed blue). These
figures illustrate the role of various multipoles of the IV
phonons in the single-particle strength distribution. Sim-
ilarly to the case of IS phonons, known from literature,
low-J modes give the major contribution to the strength
redistribution while the phonons with Jpiλ = 4
±, 5±, 6±
produce a weaker effect, that justifies the truncation of
the phonon basis at Jλ = 6.
The change of the 3s1/2 state because of the IV-type
PVC, which is shown in Fig. 6, reduces to a gradual
move toward the Fermi surface with every extension of
the phonon space and a very little fragmentation. The
effect also becomes smaller when the phonon energy in-
creases while no clear saturation is seen for this state for
the IV phonons up to 20 MeV. This points out that a
proper regularization may be needed for the considered
mass operator, for instance, a subtraction technique anal-
ogous to the one employed in the response theory [52] can
be adopted.
Another consequence coming from the analysis above
is that there is no clear dominance of the lowest IV
phonons. This emphasizes the distinction between the
energies of the most important IS modes and those of
the of IV modes, due to the fact that the relevant energy
differences between neutron or proton states are typically
smaller than those between proton-neutron states.
In conclusion, except for a few cases, the shifts of the
dominant states in Fig. 3 are toward the Fermi surface
and give an additional improvement of the description,
compared to available data. Proton particle states in
132Sn seem to be very sensitive to the PVC effects, which
tend to overestimate the shifts, however, the obtained
picture can change further after the inclusion of ground
state correlations associated with the IV phonons, which
8will be addressed by future efforts.
IV. SUMMARY AND OUTLOOK
The dynamical contribution of the pion is included into
the single-particle self-energy of a finite nuclear system
in a self-consistent relativistic framework. It has been
shown that in medium-mass nuclei low-lying isospin-flip
states associated with soft pionic modes can occur with
sizable transition probabilities and, therefore, their cou-
pling to single-particle and other collective modes should
be considered. The strength of this coupling and its effect
on the single-particle states is evaluated for 100,132Sn and
the shell structure of these nuclei is found to be sensitive
to pion dynamics. Thereby, (i) pion-nucleon correlations
beyond the Hartree-Fock approximation are included in
the theory based on the QHD Lagrangian; (ii) the lat-
ter can provide a link between the relativistic nuclear
field theory and chiral effective field theories; (iii) the
relativistic particle-vibration coupling model is extended
self-consistently by incorporating isospin-flip phonons.
As the nucleonic self-energy of the presented approach
contains a full summation of the ring diagrams with
pion exchange, the pion contribution is included non-
perturbatively, although its soft modes entering the nu-
cleonic self-energy are obtained by calculations on the
RPA level. The next natural step will be an inclusion
of the ground state correlations associated with the ex-
change of the isospin-flip phonons, which will provide a
more accurate description of the effects considered in the
present work. Pairing correlations of the superfluid type
should be taken into account for the isovector phonons,
which will allow for more systematic studies of the effects
of pion dynamics in open-shell nuclei. The considered ef-
fects of pion dynamics should have also an impact on
nuclear response in various channels, therefore, a corre-
sponding extension of the response theory can be another
exciting future development.
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